T o investigate the mechanism of formaldehyde tolerance in Gram-negative bacteria, two formaldehyde-tolerant strains, Escherichia coli VU3695 and Halomonas sp. MAC (DSM 7328), and formaldehyde-sensitive revertants obtained by ethidium bromide or novobiocin treatment were studied. The presence of high levels of formaldehyde dehydrogenase activity alone proved insufficient to confer tolerance to high formaldehyde concentrations, as shown by the high activity displayed by formaldehyde-sensitive revertants of Halomonas MAC. Moreover, formaldehyde-tolerant strains also proved to be tolerant to high concentrations of acetaldehyde and glutaraldehyde, which are not oxidized by formaldehyde dehydrogenase. Treatment with sublethal concentrations of EDTA rendered the resistant strains highly sensitive to formaldehyde without affecting the activity of formaldehyde dehydrogenase. Comparison of the outer membrane proteins of formaldehyde-resistant strains with those of their sensitive revertants showed the presence of a t least one additional high molecular mass protein in the tolerant strains. It is concluded that formaldehyde tolerance in the bacteria studied depends on the composition and structure of the outer membrane.
INTRODUCTION
In recent years a number of reports have appeared on the occurrence of bacteria resistant to high concentrations of formaldehyde. Strains of Escherichia coli and Serratia marcescens tolerating formaldehyde concentrations of 500 and 200 p.p,m., respectively, have been isolated (Kaulfers & Marquardt, 1991 ; Kaulfers & Laufs, 1985) . Likewise, highly formaldehyde-tolerant strains of Psezldomonasputida and Halamonas sp. have been characterized (Azachi e t al., 1995; Kato et al., 1984 Kato et al., , 1986 .
One of the factors that may play a role in conferring formaldehyde tolerance in bacteria is the presence of intracellular enzymes metabolizing formaldehyde. Thus, high levels of activity of an NAD-and glutathionedependent formaldehyde dehydrogenase (EC 1 . 2 . 1 . 1 ) were demonstrated in formaldehyde-resistant strains of E. coli, S. marcescens, and Halomonas sp. (Azachi e t al., 1995; Kaulfers & Marquardt, 1991 ; Kaulfers & Laufs, 1985) . Additional enzymes, such as formaldehyde dismutase (EC 1 .2.99.4) and dye-linked formaldehyde dehydrogenase (EC 1 .2.99. 3) may be involved in the detoxification of formaldehyde in other micro-organisms (Kato e t al., 1984 (Kato e t al., , 1986 (Kato e t al., , 1988 . In certain bacteria at least, the property of formaldehyde tolerance may be plasmid-mediated (Kaulfers & Brandt, 1987; Kaulfers & Laufs, 1985) .
In the present work we investigated the possible role of the outer membrane of Gram-negative bacteria in formaldehyde resistance. The outer membrane is the primary barrier that formaldehyde molecules encounter when interacting with these bacteria. The outer membrane has been shown to act as a molecular sieve which determines, mainly on the basis of molecular size, whether or not a substrate can enter the cell (Lieve, 1974; Nikaido & Vaara, 1985) . To our knowledge, the role of the outer membrane in formaldehyde tolerance has not previously been investigated. We present evidence that the properties of the outer membrane are of prime importance in conferring formaldehyde tolerance in E. coli and in a Halomonas isolate. 
M. A Z A C H I a n d O T H E R S

METHODS
Bacterial strains and culture conditions. The formaldehydetolerant strain Escherichka coli VU3695 (Kaulfers & Marquardt, 1991) , which harbours a 94 kb plasmid, was grown at 37 "C with constant gyratory shaking at 150 r.p.m. in Luria broth medium (LB) (Sambrook et al., 1989) or in nutrient broth (NB).
Formaldehyde-sensitive revertants (strain VU3695-21 and VU3695-31) were isolated by random mutagenesis in the presence of ethidium bromide, as described by Kaulfers & Brandt (1987) . Halomonas elongata ATCC 331 73 and Halomonas sp. MAC (DSM 7328), which show high levels of formaldehyde resistance (Azachi et al., 1995) , were grown at 30 "C with constant gyratory shaking at 150 r.p.m. in LB or N B medium supplemented with 10 % (w/v) NaC1. Three revertant strains of Halamonas MAC, which itself harbours a 15 kb plasmid, were obtained by treatment with novobiocin as described below : MAC-29, a formaldehyde-tolerant strain lacking the plasmid, MAC-6, a formaldehyde-sensitive strain lacking the plasmid, and MAC-2, a sensitive strain containing the plasmid.
Growth inhibition by formaldehyde, acetaldehyde and glutaraldehyde. Overnight cultures of E. coli VU3695, and Halomonas MAC and mutants as indicated above were grown in NB medium and 10% NaC1-supplemented NB medium, respectively. They were then harvested by centrifugation (12000 g at 4°C for 10 min). Cells were resuspended in the growth medium to an OD,,, of 0.03 and cultures were amended with formaldehyde [37 O h , v/v, solution containing 10 Oh, v/v, methanol (Merck)], or acetaldehyde or glutaraldehyde at concentrations up to 500 p.p.m. Triplicate portions (5 ml in 20 ml test tubes) were incubated aerobically at 37 or 30 "C, respectively, and after 48 h the ODs4, was measured.
Effect of formaldehyde and EDTA on cell viability. Cells were harvested in the early to mid-exponential growth phase by centrifugation (12000g for 10 min at 4 "C). To test the effect of sublethal EDTA concentrations on sensitivity to killing by formaldehyde, cells were washed twice with 10 mM Tris/HCl buffer, pH 8.0, containing 0.9 YO NaCl (for E. coli) or 10 YO NaCl (for Halomonas), and resuspended to a final OD,,, of 0.055 in 30 ml of the appropriate buffer containing 1 mM or 0.5 mM EDTA, respectively. In control experiments EDTA was omitted. Suspensions were incubated at the growth temperature for 1 h, followed by washing twice in buffer without EDTA and suspension in buffer. Formaldehyde (25 or 1000 p.p.m.) was added, and after 1 h of incubation at the growth temperature the cultures were decimally diluted and the number of c.f.u. counted on LB agar with or without 10% NaCl as required, and compared with the number in the absence of formaldehyde. Similar experiments were performed with acetaldehyde (1 5 or 500 p.p.m.) or glutaraldehyde (25 or 1000 p.p.m.).
Isolation and characterization of outer membrane and cytoplasmic proteins. The outer membrane and the cytoplasmic fraction were isolated according to the following protocol, based in part on methods described by Hancock & Nikaido (1978) , McGavin e t al. (1990) and Wang & Thomson (1990) . Cultures (500 ml) in the late exponential growth phase were supplemented with NaCl and Tris/HCl buffer, pH 7.3, to a final concentration of 33 mM each. After 10 min incubation at 25 "C, cells were harvested by centrifugation and resuspended in 33 mM Tris/HCl buffer, pH 7-3, to a density of 100 mg wet cell wt ml-'. An equal volume of buffer consisting of 33 mM Tris/HCl, 40% (w/v) sucrose and 2 mM EDTA, pH 7.3, was added, and after an additional centrifugation, cells were suspended in ice-cold 1 mM MgC1, (50 mg wet wt ml-') and incubated at -20 " C for 10 min, followed by 10 min centrifugation at l O O O O g at 4 "C. Cells were washed once in PBS (3.3 mM NaH,PO,, 6.7 mM Na,HPO,, 126.5 mM NaC1, pH 7-0), resuspended in the same buffer, and disrupted by two passages through a French press cell in the cold. The lysate was centrifuged at 16 300 g for 30 min at 4 "C. Ten millilitres of the supernatant was subsequently centrifuged at 30 500 g for 2.5 h at 4 "C and the supernatant was collected (cytoplasmic fraction). Another 10 ml portion of the supernatant was diluted by the addition of 10 ml of Tris buffer and 6 ml was layered on top of a sucrose step gradient consisting of 1 ml 70% sucrose in Tris buffer on the bottom and 6 ml of 15 YO sucrose in Tris buffer on top, and the tubes were centrifuged at 121 500 g for 2.5 h at 4 "C. The bottom 2 ml of each gradient was removed, and each 2 ml was applied to another sucrose density gradient containing 5 ml of 60% sucrose in Tris buffer in the bottom layer and 5 ml of 47% sucrose in Tris buffer in the top layer. Tubes were centrifuged for 6 h at 121 500g. The lower outer membrane band was collected, diluted in distilled water and centrifuged at 30 500 g for 2-5 h at 4 "C. The resulting pellet was washed twice with PBS and resuspended at 4 "C in 10 ml 50 mM Tris/HCl containing 1 mM MgC1, and 0.2 mM DTT, pH 8.0. Protein was determined by the method of Bradford (1976), with BSA as a standard. Proteins were separated by electrophoresis in SDS-PAGE gels [lo % (w/v) acrylamide], and stained with Coomassie brilliant blue G250, using standard methods (Hancock & Carey, 1979) . The molecular masses of the proteins were estimated by using low-range prestained standards (Bio-Rad Laboratories), which included the following proteins : phosphorylase B (142.9 kDa), bovine serum albumin (97.2 kDa), ovalbumin (50 kDa), carbonic anhydrase (35 kDa), soybean trypsin inhibitor (29.7 kDa) and lysozyme (21.9 kDa). Plasmid isolation, transformation and curing. Plasmid DNA was isolated as described by Birnboim & Doly (1979) or using the QIAGEN plasmid kit (Hildan). Plasmids or their NheI digests were analysed on 0.8% agarose gels, followed by ethidium bromide staining and UV-visualization (Sambrook et al., 1989) . The molecular masses of the plasmid fragments were estimated by comparison with DNA ladder fragments. Plasmid transformation was performed by chemical treatment (Sambrook etal., 1989) or by electroporation (Diver etal., 1990) . Halomonas MAC was cured of its plasmid by growing the bacteria for 24 h, transferring every 8 h in LB medium containing 5 pg novobiocin ml-'. Inoculum size was 1, 5 and 10 % (v/v) for the first, second and third transfers, respectively; Bacteria surviving the curing treatment were centrifuged for 10 rnin at 1OOOOg at 4 "C, washed twice with 10% NaCl medium and then plated on 10% NaC1-containing LB agar plates without formaldehyde or with 20 or 50 p.p.m. formaldehyde. Plasmid curing of E. coli VU3695 was performed using 1.8 mg ethidium bromide ml-' (Kaulfers & Brandt, 1987) . Formaldehyde dehydrogenase assays. NAD-and glutathionedependent formaldehyde dehydrogenase was assayed spectrophotometrically as described previously (Azachi et al., 1995 ; Kaulfers & Marquardt, 1991) . The formaldehyde concentration in the reaction mixture was 0.1 mg ml-'. Additional evidence for the lack of linkage between tolerance to formaldehyde and formaldehyde dehydrogenase activity came from a comparison of the sensitivity of the above strains and revertants to acetaldehyde and glutaraldehyde, two aldehydes that are not oxidized by formaldehyde dehydrogenase. In all cases tolerance toward the three aldehydes was correlated (Table 2) , again showing that differences in enzyme activity alone are insufficient to explain differences in aldehyde tolerance.
RESULTS AND DISCUSSION
Formaldehyde tolerance in Halomonas MAC is not plasmid-determined
Previous studies with E. coli strain VU3695 suggested that its tolerance to formaldehyde is plasmid-mediated, and plasmid-cured cells were found to be formaldehydesensitive (Kaulfers & Brandt, 1987) . Plasmid analysis in Halomonas MAC showed a single band with an apparent size of 15 kb (Fig. 1) . We attempted to transform the 15 kb plasmid into the formaldehyde-sensitive E. coli strains DH5a and HBlOl (Sambrook etal., 1989) The outer membrane is the first barrier encountered by formaldehyde to penetration of Gram-negative bacteria. We therefore investigated whether differences in formaldehyde tolerance of the strains and their sensitive revertants was correlated with differences in the structure of their outer membranes. The outer membrane preparations obtained were found to be free of formaldehyde dehydrogenase activity, showing that contamination with cytoplasmic proteins was insignificant. As in other Gramnegative bacteria (Lidstrom, 1992) , the formaldehydeoxidizing activity in Halomonas MAC and E. coli VU3695 was found to be located in the cytoplasmic fraction.
Comparison of the outer membrane protein profile of E. We thank H. Volpin for assistance with the T n 5 studies and P.
M. Iiaulfers (University of Hamburg) for the gift of E. coli VU3695. sensitive revertants (Fig. 2) . In Halamonas MAC, two proteins (apparent molecular mass 98-143 kD) were prominent in both the wild-type and in strain MAC-29
(formaldehyde-tolerant, lacking the plasmid), but were present in reduced amounts in the formaldehyde-sensitive revertants MAC-6 and MAC-2 (Fig. 3) .
The above data indicate the importance of the outer membrane as the barrier that protects the cell from formaldehyde, and show that unique proteins may participate in conferring formaldehyde resistance. To some
